Insulin action on kidney function was evaluated in 8 healthy subjects, (mean age 27 years) using the euglycaemic clamp technique. Insulin was infused at rates of 0, 20 and 40 mU. min -1. m -2 over consecutive periods of 120 min resulting in plasma insulin concentrations of 8 + 2, 29 + 7 and 66 + 14 mU/1. The renal clearance of 51Cr-EDTA, lithium, sodium and potassium was determined during the last 90 rain of each period. Sodium clearance declined with increasing plasma insulin concentrations (1.3+0.4, 1.0_+0.3 and 0.5_+ 0.2 ml .rain -I. 1.73 m -2, p< 0.001), while glomerular filtration rate (108_+21, 104+21 and 108-+20ml-rain -1. 1.73 m -2) and lithium clearance (a marker of fluid flow rate from the proximal tubules) 29+5, 29+4 and 30+4ml. min-1.1.73 m-2) remained unchanged. Calculated proximal tubular reabsorption of sodium and water was unchanged, while calculated distal fractional sodium reabsorption increased (95.5+ 1.5, 96.4_+ 1.2 and 98.1 ___0.7%, p< 0.001). Potassium clearance and plasma potassium concentration declined, whereas plasma aldosterone and plasma renin concentrations were unchanged. In conclusion, elevation of plasma insulin concentration within the physiological range has a marked antinatriuretic action. This effect is located distally to the proximal renal tubules.
The role of insulin in sodium metabolism has attracted interest in the light of the increased exchangeable sodium observed in patients with diabetes mellitus [1] [2] [3] and the association between hyperinsulinaemia, hypertension, obesity and Type 2 (non-insulin-dependent) diabetes mellitus [4, 5] .
The effect of insulin on sodium excretion remains controversial. In a classic study, DeFronzo et al. [6] demonstrated that iv infusion of insulin resulting in a mean plasma insulin concentration of 149 mU/1 markedly reduced urinary sodium excretion in sodiumloaded healthy subjects. However, other authors have found no evidence for a significant antinatriuretic effect of insulin [3] .
The renal tubular site of insulin action on sodium excretion is also controversial. DeFronzo et al. reported that insulin tended to depress proximal tubular reabsorption of water and sodium, while it enhanced distal tubular sodium reabsorption [7] . In contrast, insulin stimulates proximal tubular reabsorption of phosphate and phosphate clearance has been used as an index of distal delivery of sodium and fluid [7, 8] . In a recent in vitro study Baum [9] reported that insulin stimulates fluid reabsorption in isolated proximal tubules.
The aim of the present study was to evaluate the existence of a dose-effect relationship between changes of plasma insulin concentration within the physiological range with respect to renal function and sodium excretion in normal man using the lithium clearance methodology as a means of non-invasive functional dissection of the nephron.
Subjects and methods

Subjects
Eight healthy subjects (4 female, 4 male) mean age 27 years (range 22-32 years) were investigated. They were all normotensive and taking no medication. Mean body mass index was 22.7 kg/m 2 (range 18.9-25.8 kg/m2). All subjects took their usual diet. The subjects agreed to participate in the study after receiving oral and written information. The procedure was performed according to the principles of the Helsinki Declaration, and the study was approved by the regional ethical committee. 
Methods
The subjects received 600mg (16.2mmol) of lithium carbonate (DAK Laboratory, Copenhagen, Denmark) orally the evening before the clearance study. The subjects fasted from midnight until the end of the study. During the clearance studies all the subjects were in the supine position, except when voiding urine. The subjects drank 300 ml of tap water per h beginning 1 h before the start of the first clearance period. During the investigation, each subject kept one hand in a heated plexiglas box to enable arterialized venous blood to be obtained. Blood glucose concentration was monitored in arterialized blood with a continuous glucose analyser (Biostator CGIIS, Life Science Instruments, Miles Laboratories, Elkhart, Ind, USA) connected to a forearm vein. Arterialized blood samples were drawn from a plastic catheter placed in another forearm vein on the same arm. 20% glucose and insulin (Insulin Actrapid, Novo, Bagsv~erd, Denmark) 100 U/1 dissolved in NaCI 154 retool/1 in water was infused through an antecubital vein in the contralateral arm.
The renal clearance of 51Cr-EDTA, lithium, phosphate, potassium and sodium was measured over a basal period of 90 min beginning 30 min after iv injection of 7.4 MBq 51Cr-EDTA (Hoechst, Frankfurt am Main, FRG). At the end of the basal period, an insulin infusion was started at a rate of 20 mU. min -1-m -2. Blood glucose concentration was clamped at the mean fasting value obtained in the basal period with a variable glucose infusion via the Biostator CGIIS. After an equilibration period of 30 rain the renal clearance measurements were repeated over a 90 min clearance period. The steady state glucose infusion rate during the last 30min of this period was 149 + 89 rag. rain-I, m-2. The insulin infusion rate was then increased to 40 mU. rain -1. m -2 and the clearance measurements repeated in a new 90 min clearance period preceded by an equilibration period of 30 min. The steady state glucose infusion rate during this period was 418 _+ 81 mg-min-1. m-2. Residual urine was determined by measuring radioactivity from SlCr-EDTA in the pubic region before and after each voiding. After correction for background radioactivity determined over the chest, residual urine was calculated [10] . The clearance values obtained were corrected if calculated residual urine exceeded 20 ml.
Plasma glucose concentration was measured approximately every 30 rain throughout the investigation and the continuous glucose analyser adjusted accordingly. Blood samples for plasma insulin measurements were obtained every 30 min during each of the clearance periods.
Blood samples for measurements of various substances were timed as follows. 51Cr-EDTA: every 30 min during the basal period and every 45 min during the two following clearance periods. Lithium, sodium and potassium: at the beginning and end of each clearance period. Phosphate: in the middle of each clearance period. Renin, aldosterone and haematocrit: at the end of each clearance period.
Calculations: The renal clearance of 51Cr-EDTA, lithium (CLi), phosphate, potassium and sodium was calculated as the ratio between the urinary excretion rate and the mean plasma concentration during the 90 rain clearance periods. For 51Cr-EDTA and lithium, the plasma concentration was calculated as the mean interpolated plasma concentration [11] .
The absolute proximal tubular reabsorption rate of water was calculated as (glomerular filtration rate (GFR) -CLi), and the absolute proximal reabsorption rate of sodium as plasma sodium concentration multiplied by the absohtte proximal reabsorption of water. The fractional reabsorption of sodium and water in the proximal tubules was determined as I -(CLi/GFR). The absolute distal reabsorption rate of water was calculated as CLi -urine flow and the fractional distal water reabsorption was calculated as 1 -urine flow/CLi. The absolute distal reabsorption rate of sodium was calculated as plasma sodium concentration multiplied by the difference between Cei and sodium clearance, and the fractional distal sodium reabsorption was determined as 1 -sodium clearance/Cei.
Analyses: Urine and serum concentrations of lithium were determined by atomic absorption spectrophotometry (Perkin Elmer 1100 B, Norwalk, Conn, USA) as described by Amdisen [12] . Urine and plasma concentrations of sodium and potassium were determined by routine flame emission spectrophotometry. Urine and serum concentrations of phosphate were determined by standard laboratory methods. Plasma glucose concentration was measured with an automated glucose oxidase method (Glucose Analyser 2, Beckman Instruments, Fullerton Calif, USA) and urinary glucose concentration by the hexokinase method [ '13] . Haematocrit was measured using a microcentrifuge.
Plasma insulin, plasma renin and plasma aldosterone concentrations were measured by radioimmunoassay [t4-16]. 
Statisticdl analysis
The results obtained at each level of insulin infusion rate originate from the same 8 subjects. Therefore, ordinary regression analysis cannot be used to establish whether a significant relationship exists between the changes in insulin infusion rate and the observed changes in the measured and calculated variables. For exploratory analysis, the Friedman test was used [17] . This non-parametric procedure for paired values with more than two groups tests for the occurrence of at least one group, which differs from the other groups. If the Friedman test was significant, the Page test for trend was applied [18] . This procedure specifically tests the hypothesis, that increasing rates of insulin infusion are accompanied by increasing (or decreasing) values of the parameter in question. By this procedure we take advantage of the strength of a paired design where each subject is investigated during three rates of insulin infusion. Thereby multiple pairwise comparisons between each level of insulin infusion and the other two levels are avoided. Ap-value of < 0.05 was considered significant. Data are reported as mean + SD.
Results
Results are shown in Table 1 and 2. Plasma insulin concentrations during each of the clearance periods were stable in all subjects. The mean plasma insulin concentrations over the three clearance periods were 8 +2, 29 _+ 7 and 66 _+ 14 mU/1 respectively with a coefficient of variation of 12.3%, 20.1%, and 7.8% respectively. The mean plasma glucose concentration over the three clearance periods did not change. The coefficient of variation for plasma glucose concentrations at each of the rates of insulin infusion was 2.4%, 3.0%, and 6.9% respectively.
Plasma sodium concentration did not change. Haematocrit measured at the end of each clearance period declined slightly (0.43 + 0.03, 0.42 + 0.04, 0.41 + 0.04, p < 0.001). Sodium clearance declined in parallel with increasing plasma insulin concentrations, while GFR and the output of water, from the straight part of the proximal tubules into the thin descending limb of Henle's loop as estimated by lithium clearance remained unchanged. The coefficient of variation across the three steps of insulin infusion was 5.2% for GFR and 7.8% for CLi. Consequently the proximal reabsorption rate of sodium and water was unchanged. Fractional distal sodium reabsorption increased significantly (p< 0.001), while distal water reabsorption was unchanged. Calculated distal reabsorption rate of sodium increased slightly but non significantly. Phosphate clearance did not change significantly; although it declined at the lowest rate of insulin infusion, it did not fall further at the highest rate of insulin infusion. Serum phosphate concentrations were unchanged. Potassium clearance and plasma potassium concentrations declined with increasing plasma insulin concentrations (p< 0.001). Plasma aldosterone and plasma renin concentrations remained unchanged.
Discussion
We have shown, that elevation of plasma insulin concentration within the physiological range decreases renal sodium clearance without affecting GFR or lithium clearance. These findings suggest that insulin causes sodium retention by stimulating distal tubular reabsorption of sodium.
Originally DeFronzo et al. [6] demonstrated that elevations of plasma insulin in the pharmacological range (about 149 mU/l) markedly reduced urinary sodium excretion in normal subjects, possibly by a distal tubular effect. Others have questioned whether insulin exerts a significant effect on renal sodium excretion within the physiological concentration range [3] . Our study suggests that insulin exerts a marked antinatriuretic effect even at plasma levels observed postprandially in normal man. The phenomenon of natriuresis of fasting and antinatriuresis of refeeding [19, 20] may, at least partly, be explained by the present findings.
In the present study, calculated proximal reabsorption of sodium was unchanged, while calculated fractional distal reabsorption of sodium increased significantly during insulin infusion. Since distal tubular reabsorption of sodium is load dependent, fractional distal reabsorption of sodium is probably the best suited parameter for evaluation of changes in the reabsorptive rate of the distal tubules. Absolute distal reabsorption rate of sodium is calculated as plasma sodium concentration multiplied by the difference between CLi and sodium clearance. As CLi is numerically at least 20 times the value of sodium clearance, even small spontaneous fluctuations of CLi will obscure real changes in distal reabsorption. Therefore, it is inherently difficult to detect changes in absolute distal tubular reabsorption rate of sodium using the present methodology. Consequently, the fact that the increase in calculated absolute distal reabsorption rate of sodium did not attain statistical significance does not imply that no change took place. The lack of change in proximal tubular reabsorption strengthens this conclusion.
Previously, phosphate clearance has been used as an indicator of proximal tubule transport [21] . In the present study we observed a decline in phosphate clearance as also reported by DeFronzo et al. [6] , although the decline did not attain statistical significance. In the interpretation of phosphate clearance, it should be noted, that a dissociation between distal delivery of phosphate and distal delivery of fluid has been observed and 5-15% of the filtered load of phosphate is reabsorbed in the distal tubular system [21, 22] . Furthermore, in the present study, the measured values of phosphate clearance were obviously too low to give a reliable estimate of distal delivery of fluid and sodium from the proximal tubules and in accordance with this, proximal tubular phosphate concentration has been reported as declining along the proximal tubule [23] .
Experimental studies on the effects of insulin on segmental renal tubular sodium reabsorption are few and conflicting. DeFronzo et al. [7] reported that insulin depressed proximal tubular reabsorption of sodium and fluid in a micropuncture study in dogs. Recently, Baum reported that insulin enhances proximal tubular reabsorption of fluid in isolated rabbit proximal tubules [9] . Indirect evidence supports the view that insulin exerts its effect on sodium excretion distally to the proximal tubules. Insulin stimulates Na-K-ATPase [24] , which is abundant in the distal tubules [25] . An excellent correlation exists between Na-K-ATPase activity and reabsorptive capacity in the distal tubule [26] . Also, the number of insulin-receptors is highest in the thick ascending limb of Henle's loop and along the distal convoluted tubules [27] . The receptors are located at the basolateral aspect of the tubules, accessible from the blood stream.
The present study cannot exclude that the effect of insulin on tubular sodium reabsorption is indirect. However, several possible mediators can be excluded with some confidence by our findings or from previous reports. It could be argued, that the effect of insulin is mediated by a renal haemodynamic effect; however renal haemodynamics are not affected by insulin if euglycaemia is maintained [28] . The activity of the reninangiotensin-aldosterone system was not significantly affected. The study of Rowe et al. [29] is widely cited for showing that hyperinsulinaemia induces a rise in plasma noradrenaline and in blood pressure. However, high insulin infusion rates of 2 and 5 mU.min -1-kg -1 (corresponding to about 80 and 200 mU.min -1 .m -2) were used. In fact, blood pressure was unchanged at the lowest rate of insulin infusion, and the corresponding rise in circulating noradrenaline was only 50%. The increase in noradrenaline induced by upright posture is about 2.5-fold [30] . Using insulin infusion rates very similar to those used in the present study, Airaksinen et al. [31] could not detect any change in noradrenaline or in blood pressure in 12 healthy subjects. Also, no changes in echocardiographic parameters were observed. The fact that plasma renin did not increase significantly in our study would exclude a marked rise in noradrenaline, since low-dose noradrenaline infusion induces a significant increase in plasma renin, if measured after at least 24 min of infusion [30, 32] . In animal experiments stimulation of the renal nerves sufficient to increase tubular sodium reabsorption is also sufficient to cause an increase in renin secretion [33] . Changes in atrial natriuretic peptide is another possibility, but this would require, that a decline in circulating concentrations leads to significant sodium retention. This remains to be shown. Therefore, a direct effect of insulin on the renal tubules seems more likely.
This notion agrees with a most recent micropuncture study in rats published by Kirchner after the present studies were completed [341. Using the clamp technique he showed that insulin has a marked stimulatory effect on the loop of Henle reabsorption. No effect of chloride or volume reabsorption in the convoluted part of the proximal tubule or in the distal convoluted tubule was observed.
The validity of the renal lithium clearance as a measure of the output of fluid from the proximal tubules has been established in animals [35, 36] . Plasma glucose concentration was kept constant and normal during the experiments, consequently our results are not influenced by changes in blood glucose or by glucosuria, which are both potential confounding factors [37, 38] . Current discussion on the validity of lithium clearance as a quantitative estimate of endproximal fluid delivery relates to the increase in CLi observed after furosemide,. This increase may either solely reflect an effect of flmosemide on the proximal tubules or it may suggest that lithium is also reabsorbed for some part in the loop of Henle [39] . The finding that insulin, although stimulating loop of Henle reabsorption [34] , did not affect Cgi in the present study would at least suggest, that no quantitatively important change in reabsorption of lithium occurred in the loop during our experiments.
During the experiment the subjects received only tap water and a glucose infusion necessary to maintain constant blood glucose concentration. Water loading per se may lead to a decline in renal sodium clearance [40] . However, diuresis did not change significantly over the three clearance periods, and several studies have shown a remarkable constancy of renal sodium clearance in healthy fasting recumbent subjects for 6 h during constant water diuresis. This constancy of sodium excretion was observed despite the loss of sodium from blood sampling and renal excretion [e. g. [41] [42] [43] [44] . During the induction of water diuresis an initial increase in sodium excretion may occur but it appears from published data, that this response lasts for no more than l h [45, 46] . In the present experiments, the clearance studies were started 1 h after the induction of diuresis. Plasma sodium concentration was unchanged throughout the experiment, while haematocrit decreased slightly. The decrease in haematocrit corresponds to the change expected because of blood sampling assuming a constant total blood volume.
Major changes in sodium and lithium clearance can be induced by alterations in sodium intake [471. During the experiments each subject lost about 200 ml plasma containing 28 mmol sodium from blood sampling. The subjects received about 30 mmol sodium from flushing of catheters after blood sampling and from the insulin infusion. The net sodium loss during the experiments roughly corresponds to the renal excretion. In the light of the above mentioned findings it seems unlikely, that this minor change in sodium balance affected our results to any significant degree.
The plasma concentration and clearance of potassium declined but plasma aldosterone concentration remained unchanged. In this complex situation it is not possible to conclude whether insulin has a direct effect on renal tubular potassium secretion and/or reabsorption or whether the observed changes are secondary to changes in plasma potassium concentration [6] . The Na-K-C1 cotransport system, which has been demonstrated in the thick ascending limb of the loop of Henle, may be involved [48] . A recent experimental study concludes that hypokalaemia masks a direct stimulatory effect of insulin on renal potassium secretion [49] . The conclusion is however, weakened by an unexplained simultaneous increase in renal sodium excretion during insulin infusion. Further studies are needed to elucidate the effects of insulin or renal tubular potassium handling.
In conclusion, increments of plasma insulin concentration within the physiological range markedly reduce renal sodium excretion in normal man. This antinatriuretic effect of insulin is mediated by a direct effect on the renal tubules distally to the proximal tubules.
The interrelated syndromes of Type 2 diabetes mellitus, obesity and essential hypertension are all characterized by hyperinsulinaemia and decreased sensitivity to the glucose lowering effects of insulin (peripheral insulin resistance) [2, 4, 5, 50] . In both Type 2 diabetes and obesity an increased frequency of hypertension has been demonstrated. It is unknown, whether renal sodium excretion is resistant to the antinatriuretic effect of insulin in states characterized by peripheral insulin resistance. The bearing of this question on the pathogenesis of high blood pressure is evident.
